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© Amplification of signals from optical fibers. 

© An article comprising a solid substrate, in particular an 
optical fiber, to the surface of which ere attached a plurality of 
p tymer molecules, the polymer molecules embodying a 
multiplicity of chemically, biochemically or biologically active 
species. 

A method of preparing an optical fiber which is useful for 
sensing a chemical or physiological parameter of a body fluid 
or tissue (a) comprises providing an optical fiber having a 
distal end, and (b) treating the distal end of the fiber to attach 
t it a polymer embodying a multiplicity of molecular species 
which are capable of sensing the desired parameter. 
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AMPLIFICATION OP SIGNALS 
FROM OPTICAL FIBERS 



10 This invention relates to the use of optical 

fibers for chemical and biochemical purposes such as the 
measurement of chemistries in physiological tissues and 
fluids. 

15 The use of optical fibers for such purposes is 

known and is described, for example, in Hirschfeld, U.S. 
Patent Application Serial No. 194,684 filed October 6, 
1980, entitled -Remote Multi-Position Information Gathering 
System and Method." Such technique is also described in 

20 a paper entitled •Novel Optical Fiber Techniques For 

Medical Application- by F.P. Milanovich, T.B. Hirschfeld, 
F.T. Wang, S.M. Klainer, and D. Walt, published in 
Proceedings of the SPIE 28th Annual International Technical 
Symposium on Optics and Electrooptics , Volume 494. 

25 

Briefly summarizing this technique, a sensor 
consisting typically of but not limited to a fluorescent 
dye is attached to the distal end of an optical fiber of 
suitable diameter for in vivo application. Light from an 

30 appropriate source is used to illuminate the distal end 
of the optical fiber, such light having a suitable wave 
length, for example 488 nanometers. The light propagates 
along the fiber and a portion of this light is reflected at 
the distal nd at the fib r-liquid int rface and returns 

35 along the fiber. A second portion of the light of this 
wavel ngth is abs rbed by the fluoresc nt dye and light 
is mitted in a band c nt r d usually but not always at a 
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15 



longer wav length. Th int nsity f thi band is d p nd nt 
up n the intaracti n of th dy and th measured aubatanc 
in the body fluid. Thia fluorescent light is also 
propagated along the return path of the fiber and by 
suitable optical equipment such aa that deacribed in the 
patent and other literature and in the Hirschfeld 
application and the paper above identified, the ratio of 
the wavelengths is determined and from this the parameter 
of intereat is measured. 

Fluorescent molecules have been attached to the 
distal end of an optical fiber or to a separate piece of 
glass such as, for example, a glass bead by a technique 
which is used in the immobilisation of enzymes. See, for 
example. Methods in Enzymology , vol. XLIV, Immobilized 
Enzymes, edited by Klaus Mosbach, Academic Press, 1976, 
pages 134-148. 



In this procedure a glass surface, for example, 
20 the distal end of an optical fiber or a glass bead which is 
subsequently welded to the fiber, is preferably treated so 
that it is porous and it is reacted with a suitable linking 
agent such as 3-aminopropyl triethoxy silane. A series of 
reactions is carried out culminating in the attachment by 
25 covalent bonds of a biologically and/or chemically active 
molecule, e.g., a fluorescent species, to the surface of 
the glass. These reactions may be represented as follows: 



30 



35 



Glass 

Surface 



OH OBt 
I I 
■Si -OH + EtO-Si-CH_-CH_-CH -NH„ 
| 2 2 2 2' 

OEt 



(Aadnopropyltri th xyailane ) 



OH OEt 
I I 
[— Si-O-Si- ( CH 2 ) 3 -NH 2 

OEt 
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ft pr senting th silanized glass (r f rred t also 
hereinafter as aminoalkyl glass or fiber) as 

f-»H 2 

The next step is realised by reacting fluorescein 
isothiocyanate dissolved in an aprotic solvent with the 
aminoalkyl fiber 




and performing the remaining conventional washing and 
purification steps. 

25 A dye immobilized on glass in this manner is pH 

sensitive in the physiological range and is relatively 
stable. However, to achieve a satisfactory degree of 
response it is necessary to employ porotfs glass, that is a 
special alkali borosilicate glass which has been heat 

30 treated to separate the glass into two phases. The phase 

which is rich in boric acid and alkali is leached out using 
acid t leav a porous high silica structur . Th porous 
glass is th n silaniz d and is treated with the d sired 
flu r scent speci s. Th r suiting treated glass must be 

35 attached to th distal nd of an optical fib r. The ffect 
of using p r us glass is that a gr at r surf ac ar a is 
availabl for silanizing and many m r mol cul s f th 
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flu r sc nt sp cies c n th ref r be attach d. That is to ^ 
say, th signal emissl n f fluoresc nt light is of gr at c 
intensity than if the end of the fiber itself were 
silanised and treated with a fluorescent species. 

However, this technique is difficult to carry 
out* The most practical way to accomplish the intended 
result is to provide a bead of porous glass, silanlze it, 
react it with the fluorescent species and then attach the 
glass bead to the distal end of an optical fiber. This 
attachment is difficult to effect due to the small size 
involved and the ease with which the pores in the porous 
glass are occluded. 

It is an object of the present invention to 
provide a better way of enhancing or amplifying the signal 
from fluorescent or other chemically/biologically active 
species attached to glass and to glassy/optically 
transparent organic substitutes. 

It is a particular object of the invention to 
provide a means of amplifying such signals which avoids the 
need to employ porous glass. 

The above and other objects of the invention will 
be apparent from the ensuing description and the appended 
claims. 

In accordance with the present invention glass (or 
a glass substitute) which is non-porous is treated to 
attach suitable linking groups, e.g., by silanizing the 
glass, and a polym r is att ched c valently to the linking 
groups as, f r example, by r acting th linking gr ups with 
a monom ric sp ci s and th n adding further monomer species 
and f rming a polymer in situ or by attaching a pr formed 
polym r t th ailanized glass. Th monomer ic p ci s r 
th polym r may h ve pendant flu r sc nt groups, or th 



■ nomeric r actant may b a mixture of fluorescent *r-* 
non-fluorescent species. By this means, polymer molecules 
having a multiplicity of p«ndant fluorescent groups, are 
covalently attached to the glass. The multiplication of 
fluorescent (or other chemically or biologically active) 
groups greatly amplifies the desired signal. 

Alternatively the polymer covalently attached to 
the glass may itself be non-fluorescent but may serve to 
entrap fluorescent molecules. 

In yet another embodiment the glass is treated so 
that basic groups such as amino groups are attached 
covalently to the glass and a polymer having pendant 
fluorescent groups and also acidic groups, e.g., carboxy 
groups, is reacted with the glass to form salts in which 
the cations are formed by the basic groups of the glass and 
the anions are formed by the acidic groups of the polymer, 
e.g. 

P 

•P 



A B 

vhere K represents the treated glass, B represents the 
polymer and F represents fluorescent groups. 

In another embodiment a fluorescent polymer is 
held on a treated glass surface by adsorption. 

In g n ral, th r for , th product of the 
inv nti n is an ptical fib r having attached t its distal 

nd n r mor (usually mor ) p lymer mol cules which 
m rv to atta h chemically r biologically activ ntities 
t the fiber. By this a an th d sired •ft ct, .g. 
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fluor scene , is gr atly aaplifi d and th n «d to employ 
p roui glass la avoided. 

The following specific examples will serve furth r 
to illustrate the invention. 

Bxaaeple It Preparation of Acid Glass 



15 

In 1. and generally hereinafter, the group — NH — is derived 
from the primary amino group of the aminoalkyl glass. 

The acid glass 1 was prepared as follows: 
20 Succinic anhydride (3.0g) was dissolved in anhydrous 
tetrahydrofuran (THP) (100ml) • Silanixed glass, i.e. 
aminoalkyl glass, (lg) was added and the solution was 
refluxed for four hours. The glass was then washed with 
30ml of acetone and dried in vacuo at 2S°C for thirty 
25 minutes. 



O 




o o 

« II 

— HH-C(CH 2 ) 2 C-OH 
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Exaaple 2 - Pr parati d f Acid Chlorid Glass 



The acid glass of Example 1 was treated with 
SOCI2 *« follows: A 10% solution of thionyl chloride in 
dry chloroform was prepared. 0.5g of acid glass was added 
to 20ml of the thionyl chloride solution and was refluxed 
for four hours. The glass was then rinsed with chloroform 
and dried under vacuum for thirty minutes. 



I SOClj ? ? 

-KH'-C(CH 2 ) 2 C-OH =-} — NH-C<CH 2 ) 2 C-C1 



Example 3 - Preparation of M-Hydroxy Succinic (HHS) Glass 

The acid chloride glass of Example 2 was reacted 
with N-hydrexy-succinimide as follows: 
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Th r action was carried ut as foil vat 3.89 of 
N-hydr xysuccinimid and 4*45 ml f tri thylamin w r 
added to 50 ml of anhydrous stirred chloroform. This 
solution was then cooled to 0°C and with additional 
cooling so as to maintain a constant temperature of 0°C. 
Acid chloride glass was added and the suspension was 
stirred for an additional forty minutes. The glass was 
filtered, the beads washed with chloroform and dried in 
vacuo at 25°C for thirty minutes. 

The purpose of treating the acid chloride glass 
with N-hydroxy succinimide was to protect the treated glass 
from hydrolysis in subsequent treatment. 



15 Example 4 - Treatment of NHS Glass with 
Trietbylenetetr amine fTET) 



20 



The NHS glass from Example 3 is added with 
stirring to a mixture of SO ml of anhydrous chloroform and 
8 ml of triethylenetetramine. The glass mixture is stirred 
for one hour, the beads are then filtered, washed with 
chloroform and dried in vacuo at 25°C for thirty 
minutes. The reaction may be represented as follows: 



25 



JO 



0 O 

u u 

H 2 2 



-o 



TET 



> — NC(CH 2 ) 2 C-HH(OTp 2 NH(CH 2 ) 2 NH(CH 2 ) 2 HH 2 



The tr at d glass 4 has nun rois nitrog n 
functi naliti s t which fluoresc nt groups may b 
attached. 



> 
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Exaapl S - Clutarald hyde (glot-ald) Glass 



— w 2 ♦ CHC(CH 2 ) 3 a» 




<CH,) ,CB0 



5 



10 



15 



20 



This was prepared as follows: A solution of 25% 
glutaraldehyde was diluted to 2.5% in ©.1M Na 3 P0 4 of 
pH7 to make 50 ml. The aminoalkyl glass was immersed fot 
one hour and then rinsed with deionized water. 

Example 6 - Glutarylchloride (glut-Cl) Glass 



2.5 ml of glutaryl dichloride was diluted to 10 ml in 
anhydrous THF. Araino*lkyl glass (400mg) was immersed for 
one hour in this solution and was then rinsed with dry 
acetone. 




6 
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ft* ample 7 - Attachment f a Pluor scant Polymer 
to talnoalkyl Glass 

(a) Preparation of ti-substi tuted acrylamide 
derivative of fluoreacein 



200 mg of fluorescein amine 




20 were dissolved in a mixture of 1.0 ml anhydrous dimethyl 

formamide and 25 ml anhydrous chloroform followed by adding 
0.56 ml of acryoyl chloride with stirring. The reaction 
mixture was stirred and cooled throughout the course of the 
reaction to maintain a temperature of 25°C. After sixty 

25 minutes the pH of the reaction mixture was about 3* The 
solvent was stripped off in vacuo leaving an amber oil* 
The product had the formula 8 



30 



35 
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Compound Jft is a n w and us ful compound. 



(b) Copolymer! ration of Acrylamide and 
Si with Aminoalkyl Glass 



400 ml of 8 were dissolved in 30 ml 



tetrahydrofuran together with 1 grain acrylamide and 10 mg 
of 2,2'- azobisisobutyro nitrile (AIBN) as catalyst, 
Aminoalkyl glass in the form of a fiber tip was activated 
10 in 1 ml acryloyl chloride for one hour and then immersed in 
the solution and heated at 50°C for 20 hours. A copolymer 
of B and acrylamide linked to the aminoalkyl glass resulted 
which is believed to have the structure J9: 

15 O O O O „ ✓ v v 




In 9 x and y indicate the numbers of the 
respective sex units; 



30 




and 
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Th m r units in all lik lihood occur in som mor or 
less random order. The pendant group F is derived from 
B; i.e. it is the group 8a 




15 (c) Testing of Fiber Tip a. 

The fiber tip !J was tested by immersing it in 
a buffer solution at pH 6.8 and then at 7.8. The ratio 
of the intensity of light resulting from fluorescence 
20 and reflected light at pH 6.8 was 0.81 and at pH 7,8 it 
was 1.1. 

(d) Comparison with a Porous Glass Bead 
to which FITC is Directly Attached 

25 A porous glass bead, OD « 177 yCf 9 average pore 

size • 500 angstrom units was glued to the end of an 
optical fiber. It was then treated with aminopropyl 
triethoxy silane to activate the porous glass. Due to 
the porous nature of the glass, many aminoalkyl groups 

30 were presumably attached. This was done by treating the 
porous glass with a 10% aqueous solution of aminopropyl 
triethoxy silane at pH 3.45 for 60 minutes. The fiber 
was then rinsed in distilled water and air dried at 90°C. 
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Fluorescein i soth iocy ana te was dissolved in 
acetone and the tip of th fiber d scribed abov was 
immersed in the solution for 60 minutes at room 
temperature. The fiber was rinsed with acetone. This 
5 fiber was tested as in Example 7(c) above. The ratio 
of intensity of light resulting from absorption to 
reflected light at pH 6.8 was 0.54 and at pH 7.8 it 
was 1*29. 

10 In Example 7(c) the glass to which the 

fluorescent species was attached was non-porous. It 
was treated to append aminoalkyl groups but eliminated 
the tedious step of attaching a porous bead* 

15 Example 8 - Glass Fiber Treated with PITC 

By way of further comparison, aminoalkyl glass 
fiber as in Example 7(b) was treated as follows: The 
fiber was soaked in a solution containing 5 rag of 
20 fluorescein isothiocyanate (PITC) in 100 ml of acetone 
for one hour and then in deionized water for one hour. 
No observable fluorescent pR effect could be measured 
using the procedure of Example 7(c). 

25 Example 9 - Glass Fiber Treated with High Molecular 
Weight Poly lysine and PITC 

A glutaraldehyde treated aminopropyl glass fiber 
(prepared as in Example 5) Was placed in a solution of 4 mg 
of 540,000 average molecular weight poly lysine in 4 ml of 
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<* ioniied water and allowed to .oak for one hour at 
23 C. The fiber v.. then allowed to .tand in a deionized 
water wash for one hour and then treated with « solution f 
5 mg FITC/100 .1 acetone for one hour. The fiber was then 
rewa.hed in deionixed water for one hour and it. p H 
dependent fluorescence measured. A pH 6.8, the ratio of 
fluorescence to reflected light, was 0.11 and at P H 7.4 it 

A glutaraldehyde treated aminopropyl glass fiber 

" ^ EXa,BPle 5> W " PlaCed in 3 8oluti - -f 4 mg 
« Cater" L' V »" 9# -i«ht polyly.i„e in deionixed 

water and allowed to soak for one hour at 23°C. The 
fiber was then placed in a deionixed water wash for one 
hour and immediately treated with a solution of 5 mg 
FITC/100 ml acetone for one hour. The fiber was then 
^ rewashed in deionixed water for one hour and its p« 

dependent fluorescence measured. The ratio of fluorescent 
to reflected l ig ht at pH 6.8 was 0.35 and at p„ 7.4 it was 



25 



From the results of Examples 9 and 10 it is 
concluded that polyly.ine is attached covalently to the 
aminopropyl glass and that FITC is attached covalently as 
pendant groups to the polylysine chains. 

in^lU* 11 ~ K«trap.ent of a Floorescent Species 
3o i« a Polymer Covalently Attached to Glass 

An aminopropyl glass fiber is treated with 
acryloyl chlorid , by imm r.ion in l.o ml f n at acryloyl 
ehlorid for 60 minut . and i. then rinsed by soaking in 

35 111 H? et °? * 2 *° 9 ° f acrylan,id * *"* 0.01 g of fl„or scein 
are dissolved in 50 ml THF and a catalytic amount of AIBN 
*• added. Th treated fiber described above is immersed in 

8NS0OC1D: <EP___oe05232A1 J^> 
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th solution thr ugh • s ptum. The reacti n flask is 
flushed with N 2 and plac d in a vat r bath at 50°C for 
three to four hour a, until a polymer is formed. The fibers 
are rinsed in acetone and water. A polymer is formed as in 
5 Example 7 but without fluorescent moieties. The 

fluorescein is physically entrapped in the non-fluorescent 
polymer • 

If instead of acrylamide a monomer ic species is 
10 used which is capable of cross linking , e.g., methylene 
bisacrylamide. 



15 



CH 2 ^3!-<X>-NH^ 2 -NH-00-C»O! 2 



a crosa linked polymer will be formed on the glass which is 
more effective in entrapping the fluorescent molecules. 



20 



Example 12 - Electrostatically Bound Fluorescent Polymer 



25 



A fluorescent polymer is prepared having pendant 
fluorescent groups and pendant carboxy groups and it is 
applied to activated glass having basic groups, resulting 
in the following: 



30 




1 — NH 3 + "00C« 



— F 



35 



where C repr s nts on fa multiplicity f activated 
groups n glass, D r pr s nts a rep atlng unit in th 
p lym r d acrib d abov (wh r in F r pr sents a pendant 
floor scent group) and E r pr s nts th r suiting salt. 
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This nay be accomplished by r acting aminopropyl glass C 
with a f luorescently labeled polymer D. The resulting 
ionic salt bridges are then stabilised by drying the 
product in vacuo . 

5 

Example 13 - Adsorption of a Fluorescent 
Polymer on an Aminoalkyl Glass Surface 

A polymer having pendant fluorescent groups is 
10 prepared, e.g. , a copolymer of acrylamide and the acryolyl 
derivative £ of fluorescein prepared, as described in 
Example 7(b) but in the absence of aminopropyl glass. 

An aminopropyl glass fiber tip is immersed in a 
IS 0.01 molar aqueous solution of this copolymer for two 

days. The fiber is then rinsed with chloroform for thre 
days to remove the non-adsorbed polymer and is dried in 
vacuo at 25°C for one hour. 

20 Example 14 - Immunoassay Embodiment 

In the enzyme linked immunoassay (EL ISA) techniqu 
an enzyme is immobilized on the surface of a test tube or 
cuvette. See, for example. Biochemical Applications of 
25 Immobilised Enzymes and Proteins, Vol. 2/ T. M. S. Chang, 
Plenum Press, 1977, Chapters 30-33. This technique is 
improved by the amplification technique of the present 
invention, evg., as follows: 

30 An acetaminophen-specif ic antibody is treated with 

a one-hundred fold molecular excess of acryloyl chloride, 
and tak n into solution with deioniz d wat r to which a two 
fold quantity of acrylamid has been added tog th r with a 
suitabl amount of AIBH. An aminopropyl glass optical 

35 fiber is tr ated with an excess of acryloyl chlorid , 

washed, added to th acrylated antibody/AIBN solution and 
warmed at a suffici nt temp rature t prom te gr ft 
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polym risati n f th antibody d rivative to th silica 
aurfae without denaturing th pr t in. 

Next an acetamlnophen-alkal ine phosphatase 
conjugate is incubated with the immobilized antibody, 
filtered, washed and the unknown quantity of 
acetaminophen-analyte added. The residual bound enzyme 
activity is then measured and the quantity of acetaminophen 
calculated. 

Glass has been described above as the material of 
which the optical fibers are constructed. Any solid 
substance which is an optical conductor and to which 
polymers can be attached directly or by means of linking 
groups may be used instead of glass. Examples are plastics 
such as polymethylmethacrylate and polystyrene. 

Suitable linking groups for glass and other fibers 
may be prepared from the following: diaminoalkanes, 
diaminoaryl compounds, diisothiocyanatesubstituted aryl 
compounds, alkyldialdehydes, arylalkyl dialdehydes, 
arylalkylediamines, alkyl dicarboxylic acid cerivatives, 
arylalkyl decarboxylic acid derivatives, aryl dicarboxylic 
acid derivates, alkyldiols, aryl diols, arylalkyl diols, or 
any appropriate organic compound capable of forming 
extramolecular bonds with at least two pendant chemical 
groups. 

In the examples above fluorescent species such as 
compound 8 and FITC are used and the ratio of fluorescent 
light to reflected light is measured. As noted active 
species other than fluorescent species may be used. Por 
ex amp 1 ph nol red, cresol red and neutral red may b 
used. Th a dy s change color with pH. Thes dy s have 
functional groups which ar capabl of r acting with 
functi nal groups f monom rs and polymers and can b 
incorporated in polymer mol cul a formed in situ r in 
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Example u. The following example will serve for 
purpose, of illustration. 

S Example is . mcorpor.tion ef CrMel Re<j ^ a ^^^^ 

chw CreSOi M <«-038g) is dissolved in 30 ml of 

lill Lr*, N - Br ° m>SU « 1 " i '""- C-017 „ is added alone 
with benzoyl peroxide ,0.005 „. The tolatlon is 

10 for one hour .nd then allowed to cool to room te^rature 
»he succinimide is removed by filtration .»AhT 
„„., rm . A , . Y Illcr «ion and the bromomethyl 

cresol red is crystallized from acetic acid. 

15 eo„— . T ° * SOlUtlon of <"»>ethylfor»amide (25 ml, 
taction Hirr^.. cinder 

« under h°!c: '° r0 °"' — «- «**•»* reeved 

unoer high vacuum, 

red reactlon Product of the bromomethyl cresol 

red .„d allylamine is dissolved in w (50 „ a) L,et h \r 

» n tri e 9 " "fL 1 "" 1 *' " "» »Ui~b»Tyrl 

91~. I. ST. 8 Utl °" iS ' hen Pl " ed -i"oalKyl 
'« ' *" the of « tip. which has been 

previously treated with a mixture of acryloyl chloride 

■wri««',r:,T°* (2 ° ni) ' ana »'-^^4ia„i„: 

-t SO- "or 20 1 I "V"™— «••<* red derivative 
red allyLiL , COp ° lym « »* *•» bromomethyl cresol 

no o th fir " " d aCryla, "" e U f °™ ed " «» 
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A •implifi d reaction scheme is as f How si 

A 

Cresol red + N-bromosucclnimide 



Benzoyl per ox id 



lc 



15 



OH 



I ♦ NR 2 -CH 2 -CH-CH 2 



20 



Cfi 2 -NH-CH 2 -CH«CH 2 



XX 



II ♦ CR 2 -CH-CO-NH 2 ♦ (— NH-CO-CH-CH 2 



XXI 



25 



In II, the remainder of the molecule is aa in X. XXI is the 
glass fiber to which a copolymer of acrylamide and II is 
ovalently attached. 



3° It will be apparent that a new and useful 

m thod of making optical fibers having enhanced 
capacity for fluore cence, tc. and new and useful 
optical fibers having such nhanc d properties have 
be n pr vid d. 
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CLAIMS: 



1. 



An article comprising a solid substrate 



10 



15 



20 



25 



30 



to a surface of which are attached a plurality of 
polymer molecules, the polymer molecules embodying a 
multiplicity of chemically, biochemically, or 
biologically active species. 



wherein the solid substrate is an optical fiber and 
the polymer molecules are attached to one end of the 
fiber. 

3. An article as claimed in claim 2 
wherein the optical fiber is a glass fiber or an 
organic fiber. 

4* An optical fiber as claimed in claim 2 
or claim 3 in which the polymer molecules are 
attached covalently thereto. 

5. An optical fiber as claimed in claim 4 
in which the aforesaid species are fluorescent and 
are attached to the polymer by covalent bonds. 

6. An optical fiber as claimed in claim 4 
in which the aforesaid species are physically 
entrapped by the polymer molecules. 

7. An optical fiber as claimed in claim 2 
or claim 3 in which the polymer molecules are 
attached to the fiber by adsorption. 

8. A method of preparing an optical fiber 
which is useful for sensing a chemical or 
Physiological parameter of a body fluid or tissue 



2. 



An article as claimed in claim 1 
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which comprises (a) providing an optical fiber having 
a distal end, and (b) treating the distal nd of the 
fiber to attach to it a polymer embodying a 
multiplicity of molecular species which are capable 
of sensing the desired parameter. 

9. A method as claimed in claim 9 wherein 
the polymer is attached covalently as a preformed 
polymer or by forming the polymer in situ. 

10. A method as claimed in claim 8 wherein 
the polymer is attached by adsorption. 

11. A method as claimed in any one of 
15 claims 8 to 10 which the aforesaid species are 

attached covalently to the polymer or to the monomer . 
of oligomer from which it is formed. 
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12. A method as claimed in any one of 
claims 8 to 10 in which the aforesaid species are 
entrapped physically in the polymer. 
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